Cosmological simulations predict that the Universe contains a network of intergalactic gas filaments, within which galaxies form and evolve. However, the faintness of any emission from these filaments has limited tests of this prediction. We report the detection of rest-frame ultraviolet Lyman-a radiation from multiple filaments extending more than one megaparsec between galaxies within the SSA22 protocluster at a redshift of 3.1. Intense star formation and supermassive black-hole activity is occurring within the galaxies embedded in these structures, which are the likely sources of the elevated ionizing radiation powering the observed Lyman-a emission. Our observations map the gas in filamentary structures of the type thought to fuel the growth of galaxies and black holes in massive protoclusters.
Cosmological simulations predict that the Universe contains a network of intergalactic gas filaments, within which galaxies form and evolve. However, the faintness of any emission from these filaments has limited tests of this prediction. We report the detection of rest-frame ultraviolet Lyman-a radiation from multiple filaments extending more than one megaparsec between galaxies within the SSA22 protocluster at a redshift of 3.1. Intense star formation and supermassive black-hole activity is occurring within the galaxies embedded in these structures, which are the likely sources of the elevated ionizing radiation powering the observed Lyman-a emission. Our observations map the gas in filamentary structures of the type thought to fuel the growth of galaxies and black holes in massive protoclusters. C osmological simulations of structure formation predict that the majority of gas in the intergalactic medium (IGM) is distributed in a cosmic web of sheets and filaments as a consequence of gravitational collapse (1) . The intersections of these structures become the locations at which galaxies and their supermassive black holes (SMBHs) form and evolve (2) . Streams of cool gas falling along IGM filaments, driven by gravity, are predicted to provide most of the gas required for the growth of galaxies and SMBHs (3, 4) . Direct detection of the cosmic web in the early Universe would allow tests of these predictions, both for the large-scale structure and for the formation and evolution of galaxies.
Galaxy formation models predict that at a redshift (z) of~3, >60% of all gas in the Universe resides in filaments (5) . However, their low density makes them difficult to observe in emission. Absorption spectroscopy using background sources, such as quasars, has been the primary method used to trace neutral hydrogen (H I) in the IGM (6, 7), which has provided insights into the nature of the cosmic web (6) . Nevertheless, it has not been possible to obtain a detailed picture of these filaments, as information is limited to one dimension along the line of sight to the background source. The low sky density of sufficiently bright background sources prevents study of the cosmic web on scales finer than a few megaparsec (Mpc) (7) .
Imaging the cosmic web in emission would provide two-dimensional (2D) information. Filaments are predicted to emit the hydrogen Lyman-alpha (Lya) line by means of the fluorescence induced by the ultraviolet background (UVB) radiation (8) . The intrinsically low intensity of the UVB means the expected surface brightness of a filament is~2.5 × 10 -20 erg s −1 cm −2 arcsec −2 at z~3 (9), so direct detection of UVB-induced fluorescent emission from IGM filaments has remained elusive (10). To circumvent this limitation, one can examine regions where local ionizing sources, such as star-forming galaxies and/or active galactic nuclei (AGNs), boost the local radiation field and hence elevate the Lya emission to detectable levels (11) . Extended (up to hundreds of kiloparsec) Lya nebulae have been observed around quasars, with morphologies and kinematics suggestive of cosmic web filaments connecting to the quasar host galaxies (12) (13) (14) (15) . Similarly, using Lya-emitting galaxies (LAEs) or extended emission arising from the circumgalactic medium (CGM) as tracers, statistical evidence for filaments has been reported (16) (17) (18) . These studies do not directly connect the cosmic web to the population of galaxies and SMBHs on cosmological scales.
We searched for extended filamentary structures using the Multi Unit Spectroscopic Explorer (MUSE) on the European Southern Observatory's Very Large Telescope (VLT). Our observations targeted the galaxy protocluster SSA22 at z = 3.09 (19) , which was already known to host 3D filamentary structures as traced by LAEs on a scale of 30 comoving megaparsec (comoving distances remain constant over time if the two objects are moving with the expansion of the Universe) (20) . At the intersection of these large-scale structures lies the protocluster core, where several intensely star-forming galaxies are known to lie within a 2′ by 3′ region around the core, which was previously mapped at 1.1 mm with the Atacama Large Millimeter/ submillimeter Array (ALMA) [the ALMA Deep Field in SSA22 (ADF22)] (21) . To trace extended Lya emission in this region, we mapped the ADF22 field with a six-pointing MUSE mosaic covering 116′′ by 169′′, equivalent to 0.9 by 1.3 physical Mpc at z = 3.09 [ Fig. 1 (22) ].
We searched the MUSE data cube for extended Lya emission in conjunction with a narrow-band image covering the expected wavelength of redshifted Lya emission taken with Suprime-Cam on the Subaru telescope (22) . We identified extended Lya emission with surface brightness S Lya >~3 × 10 -19 erg s −1 cm −2 arcsec −2 across the observed field, visible in the optimally extracted Lya map [ Fig. 2 (22) ]. This map shows bright areas associated with the CGM of galaxies, along with several patches of emission at low surface brightness that connect to, but are not immediately associated with, individual galaxies in this region. Most of this low-surfacebrightness Lya emission forms two main filaments running in a north-south direction, each with a total extent of >1 physical megaparsec in projection. The scale of this emission far exceeds the expected size of the darkmatter halo of even the most massive individual galaxies at this epoch (the halo radius is~100 kiloparsec for a 10 12.5 M ⊙ halo at z~3, where M ⊙ is the mass of the Sun), so the Lya signal likely traces a structure connecting several galaxies. This network of filaments likely extends beyond the region that we mapped, because the Lya emission is detected up to the edge of the MUSE field of view. As shown in Fig. 3, A and B , the majority of the Lya emission is detected over a line-of-sight velocity range of~À500 to~+1000 km s −1 relative to z = 3.09. This velocity range reflects not only the 3D distribution of matter on large scales, but also the gas kinematics within the protocluster core, which, coupled with radiative transfer effects, can produce velocity Observations of the SSA22 protocluster have detected 35 Lya blobs (LABs), defined as extended Lya nebulae with sizes between several tens and several hundreds of kiloparsec (23) (24) (25) . Two of these LABs lie within our field of view, each with sizes of~40 kiloparsec when measured at a Lya surface brightness threshold of S Lya = 2.2 × 10 -18 erg s −1 cm −2 arcsec −2 (24) . Figure 2 shows that these two LABs are parts of a larger network of megaparsec-scale fila-ments. Embedded in these filaments are also other patches of enhanced Lya emission, some of which are associated with galaxies. We interpret the previously known LABs as bright knots within a wider network of gas filaments, and surmise that the fainter and more extended Lya-emitting gas in these filaments has previously eluded detection because of its low surface brightness (18, 26) .
To explore the link between these filaments and the associated galaxy population, we measured redshifts of galaxies in this field using a multiwavelength spectroscopic dataset. The deep, 1.1-mm ADF22 map enables us to identify submillimeter galaxies (SMGs), which are massive, intense starburst galaxies with large amounts of gas and dust in their interstellar mediums. The x-ray-luminous AGNs, which host growing SMBHs, were identified from observations using the Chandra space telescope (22, 27) . Spectroscopic redshifts for these populations were determined using a combination of emission lines [CO J = 3 → 2, Hb, and (O III) 4959 and 5008 Å lines] from ALMA data and observations with the Multi-Object Spectrometer for Infra-Red Exploration (MOSFIRE) on the Keck I telescope (22) . We confirmed that 16 SMGs and 8 x-ray-luminous AGNs are protocluster members, with redshifts 3.085 ≤ z ≤ 3.098 (table S2). All of the SMGs and x-ray-luminous AGNs were distributed within the same structure (see Figs. 2 and 3) , closely tracking the Lya filaments both spatially (in projection) and in velocity ( fig. S10 ). A similar pattern was also evident for normal star-forming galaxies and LAEs ( fig. S7 ). We interpret this close alignment as evidence that the Lya filaments are directly linked to the population of active galaxies and SMBHs. Gas filaments are thought to supply (under the effect of gravity) the fuel for active SMGs and x-ray-luminous AGNs.
The filaments have Lya brightness above the level expected from fluorescent emission induced by the UVB (8, 11) . Radiative transfer calculations predict a maximum surface brightness from optically thick gas of~2.5 × 10 -20 erg s −1 cm −2 arcsec −2 assuming a z~3 UVB (9). Our observations contain emission at levels of S Lya ≥ 3 × 10 -19 erg s −1 cm −2 arcsec −2 , which, in the optically thick limit, requires an intensity of the ionizing radiation field that is >12 times brighter than that predicted by UVB models (22) . This corresponds to an ionizing photon flux ϕ > 4 × 10 6 cm −2 s −1 . If we assume that the gas is fully ionized, then the observed surface brightness would imply even higher photon fluxes, densities of~6 × 10 -3 cm −3 (12) for gas at T~10 4 K (where T is temperature), and a typical filament width of 100 kpc (Fig. 2) . Fluctuations in the observed surface brightness suggest a variable density across the structure, as commonly found for bright Lya nebulae (12) . Figure 2 also shows regions at much higher surface brightness, particularly overlapping with galaxies (see also fig. S7 ). The fainter emission regions display lower velocity dispersions [full width at half maximum (FWHM)~150 km s −1 ] than the brighter knots (FWHM~730 km s −1 ), where the surface brightness of the latter is similar to the typical brightness of the LABs (figs. S4 and S9). This higher surface brightness may indicate the presence of localized sources of ionization, such as star formation or AGN activity, as commonly seen in LABs (28). Lya emission map optimally extracted from the MUSE observations and covering the same field as that in Fig. 1 . Lya emissions largely compose two groups of filamentary structures for >1 physical megaparsec. One high-surfacebrightness filament is visible running north to south on the west side of the field, whereas a fainter (and hence more fragmented) structure runs north to south up the east side of the field. Contours with solid, dashed, and dotted lines show Lya surface brightness levels of S Lya = 0.3, 1.0, and 2.0 × 10 -18 erg s −1 cm −2 arcsec −2 , respectively (these correspond to 2, 7, and 13 s above the representative noise level). Navy blue contours indicate the extent of the two LABs in this field (23) . Positions of SMGs and x-ray-luminous AGNs at z = 3.09 are also shown. The large, filled black circle shows data removed around a foreground, low-redshift galaxy.
Given the large number of active galaxies in this region, the elevated photon flux required to power the filaments could be provided by the galaxy population identified within our field. To test this hypothesis, we determined the number of ionizing photons provided by x-rayselected AGNs and SMGs (22) . Under the simple assumption that the ionizing sources typically lie 250 kpc from filaments, the required photon flux corresponds to a photon number emission rate of Q ion~1 0 55 s −1 to power the whole filament. The eight x-ray AGNs in the structure have Lx~10 44 erg s −1 , corresponding to a total rate of Q ion~1 0 57 s −1 , whereas the 16 SMGs that are protocluster members form stars at a rate of 160 to 1700 M ⊙ year −1 and hence produce a total of Q ioñ 10 57 s −1 . This is sufficient ionizing photon flux to power the filament emission, even under the assumption that only 1% of the photons escape their host galaxies. This simple estimate, although an approximation of the more complex radiative transfer in this region, supports our interpretation that the gas residing in these filamentary structures is ionized by the photons produced by starforming galaxies and AGNs in the massive protocluster core.
The volume densities of SMGs and x-ray AGNs in this field are about three orders of magnitude higher than the volume average at this epoch (21) . Such an overdensity of active populations is very rare (29) , and there is little observational evidence regarding how this intense activity is fueled and sustained. Cosmological simulations suggest that rapid infall of gas from the cosmic web in protoclusters may lead to the formation of SMGs (30) . Although gas inflows are not directly observable in our data, the location of SMGs and AGNs within the filaments supports the idea that large reservoirs of gas are funneled toward forming galaxies under the effect of gravity, triggering and sustaining their star formation and driving the growth and activity of their central SMBHs. Assuming a typical density of 6 × 10 -3 cm −3 for filaments with (projected) thicknesses of~100 kiloparsec, the region imaged by our observations con-tains~10 12 M ⊙ of gas (depending on the filling factor of the gas), which is potentially available to accrete onto galaxies in this region and so fuel their continuing star formation (22) .
Our observations have uncovered a largescale filamentary structure in the emission from the core of the SSA22 protocluster. Evidence of similar structures in other protoclusters from imaging observations (15, 25) suggests that this may be a general feature of protoclusters in the early Universe. The network of filaments in SSA22 is found to connect individual galaxies across a large vol-ume, allowing it to power star formation and black-hole growth in active galaxy populations at z~3.
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